The interpretation of a wide variety of astrophysical observations requires an understanding of how ionization fractions depend on plasma parameters. Observations have indicated that electron velocity distributions in space plasmas generally have enhanced high-energy tails. Instead of a Maxwellian distribution, they are better described by a kappa distribution, characterized by the kinetic temperature, T, and a parameter, , that quantifies the deviation from a Maxwellian. We calculate and tabulate the equilibrium ionization fractions of N, O, Ne, Mg, S, Si, Ar, Ca, Fe, and Ni, based on a balance of ionization and recombination processes, for 10 4 K T 10 8 K (or up to 10 9 K for Fe and Ni) and for various Maxwellian and kappa distributions. For a Maxwellian distribution of electrons, the mean charge as a function of temperature is characterized by plateaux corresponding to closed-shell charge states, with transitions over narrow ranges of log T. However, for kappa distributions, which are more realistic models of the observed electron distributions in coronal or space plasmas, those transitions are substantially broader. We find that a lower value (more suprathermal electrons) frequently leads to a higher mean charge, especially for low temperatures, but can also lead to a lower mean charge in certain temperature ranges; these effects are associated with the sharp energy thresholds and resonances of ionization and dielectronic recombination cross sections, respectively. The results provide information for various applications in which observed ionization fractions are used as diagnostics of astrophysical plasmas.
INTRODUCTION
There is a wide range of applications in astrophysics and fusion research for calculations of ionization fractions and mean charges of various elements in hot plasmas. The observed ionization fractions, or the presence of a given ion, is frequently used as a diagnostic of the source plasma (e.g., of its temperature), especially in extreme ultraviolet or X-ray spectroscopy (e.g., Gallagher et al. 2001; Smith et al. 2001) . Examples of astrophysical applications include solar physics topics, such as the corona, active regions, jets, flares, the FIP effect, CMEs, and the solar wind (e.g., Esser & Edgar 2000; Brosius 2001; Roussev et al. 2001) . Charge state observations are used to indicate conditions at other stars or stellar-mass objects, including their coronae, jets, accretion shocks, accreting black holes, and supernova remnants (e.g., Drake et al. 2001; Huenemoerder, Canizares, & Schulz 2001; Wu, Cropper, & Ramsay 2001) , and in the interstellar medium (e.g., Blair et al. 2000; Danforth, Blair, & Raymond 2001 ). There are further applications about galaxies and active galactic nuclei, jets, quasars (e.g., Fang et al. 2001; Hicks & Canizares 2001) , and intercluster mediums (e.g., Reynolds, Heinz, & Begelman 2001) . Ionization state observations are also used to study the intergalactic medium, shocks between galaxies, and cosmology (e.g., Fang & Canizares 2000) . Furthermore, in fusion experiments, ionization fractions are used to study thermonuclear and magnetically confined fusion plasmas (e.g., May et al. 2000) . Note that most of these applications require knowledge of the temperature dependence of ionization fractions, not only the mean charge.
Although there are several recent, useful tabulations of ionization fractions of various elements in a plasma (e.g., Arnaud & Rothenflug 1985; Arnaud & Raymond 1992; Mazzotta et al. 1998) , these are based on the assumption that the electron velocity follows a Maxwellian distribution. However, that distribution would seem to be the exception, rather than the rule, for astrophysical plasmas (Collier 1999) . Direct measurements of electron distributions in the solar wind, planetary magnetospheres, and other space plasmas show that the number of electrons at high energy is much greater than that for a Maxwellian distribution (e.g., Montgomery, Bame, & Hundhausen 1968; Feldman et al. 1975; Owocki & Scudder 1983; Maksimovic, Pierrard, & Riley 1997) . Enhanced suprathermal tails have also been inferred in the solar corona, solar transition region, and radio sources inside and outside our solar system (Roussel-Dupré 1980; Shoub 1983; Owocki & Scudder 1983; Owocki & Canfield 1986; Maksimovic et al. 1997) . In other words, astrophysical plasmas are rarely in thermal equilibrium. Therefore, the goal of the present work is to explore and tabulate how ionization fractions are affected by electron distributions with enhanced suprathermal tails.
One distribution that provides a suitable parameterization of observed data is the kappa distribution,
ð > 3=2Þ ; which is characterized by the kinetic temperature, T, and a parameter, , and where A Àð þ 1Þ=½ð À 3=2Þ 3=2 Àð À 1=2Þ, and k B is the Boltzmann constant (Olbert et al. 1967; Olbert 1969) . The kappa distribution (sometimes called a generalized Lorentzian) is a convenient and widely used analytic form that closely represents the nearly Maxwellian distribution of the low-energy '' core,'' while the parameter controls the power-law form of the high-energy '' tail.'' Note that as ! 1, the distribution becomes Maxwellian, while a lower value implies a more enhanced and harder power-law tail. More specifically, for E4k B T, we have f ðEÞ / E Àðþ1=2Þ , while the speed distribution is f ðvÞ / E À . Thus, reducing makes the distribution more non-Maxwellian. Indeed, at a fixed kinetic temperature, T, which fixes the mean energy or second moment of the velocity distribution, the enhanced, power-law tail at high energy is balanced by a redistribution at lower velocity as well. The overall effect is that a lower value gives an enhanced electron distribution at low speeds, a depressed distribution at medium speeds (for E of a few times k B T), and an enhanced, power-law tail at high energy (see Fig. 1 of Owocki & Scudder 1983) .
It has been suggested that non-Maxwellian distributions with enhanced high-energy tails may occur as an effect of the Rutherford cross section for the plasma electrons scattering off the background plasma (Scudder & Olbert 1979a; Scudder & Olbert 1979b ), high gradients of particle concentration or temperature (Roussel-Dupré 1980; Shoub 1983; Owocki & Scudder 1983) , velocity-space diffusion due to a suprathermal radiation field (Hasegawa, Mima, & Duong-van 1985) , or wave-particle interactions (e.g., Ma & Summers 1998 ; see also corrections in Ma & Summers 1999a , 1999b . For observed data, various values of have been obtained from fits to electron distributions in space plasmas. For example, Pierrard, Maksimovic, & Lemaire (1999) found ' 3:1 and ' 2 for the slow and high-speed solar wind, respectively. Furthermore, Maksimovic et al. (1997) have fitted the kappa function to 16,000 electron velocity distributions measured in the solar wind by the electron plasma instrument on board the Ulysses spacecraft. These authors then derive values of '2.71 and '1.90 for the coronal source plasmas of the slow and fast wind, respectively.
Previous calculations of ionization fractions have been performed for a Maxwellian distribution of the plasma electron velocity (e.g., Arnaud & Rothenflug 1985; Arnaud & Raymond 1992; Mazzotta et al. 1998) . For kappa distributions, the seminal work of Owocki & Scudder (1983) examined the ionization ratios O þ6 =O þ7 and Fe þ11 =Fe þ12 ; Dzifčáková (1992) has calculated ionization fractions for Fe; and Luhn & Hovestadt (1985) and Ko et al. (1996) presented mean charges for various elements (useful for specialized applications regarding the solar wind and solar energetic particles). To our knowledge, the present work is the first to present ionization fractions of multiple elements for kappa distributions. We also demonstrate consistency with existing calculations for a Maxwellian distribution.
The ionization reactions considered here include direct ionization and excitation-autoionization (Arnaud & Rothenflug 1985; Arnaud & Raymond 1992; Sampson & Golden 1981) . In addition, radiative recombination (Shull & Van Steenberg 1982a) and dielectronic recombination (Mazzotta et al. 1998) reactions are considered. In this case ions are taken to be slow, or essentially at rest with respect to the typical electron speed, which is often the case in their source plasma because of their much greater mass.
We only consider two-body collisions with plasma electrons, and we neglect collisions with other plasma ions, because the relative speed between two thermal ions is typically below the ionization threshold; such collisions would be important in a calculation of ionization fractions for high-speed ions Ostryakov et al. 2000; Kartavykh et al. 2002) . Furthermore, we only consider processes involving the ground states of ions. This assumption is appropriate for low-density plasmas in which the lifetime of excited states is smaller than the mean collision time, as pointed out by Arnaud & Raymond (1992) , or even in higher density plasmas where the radiation field is not in equilibrium with the plasma, as in the case of the solar corona.
CALCULATION PROCEDURE
In this section, we present the procedure for calculating ionization and recombination rate coefficients assuming kappa distributions for the electron velocity, and deriving equilibrium ionization fractions and mean charges. The overall procedure is outlined in Figure 1 . It is most instructive to start by explaining the desired final results (equilibrium ionization fractions and mean charges) and then to describe the steps needed to get there.
The main goal of this work is to calculate equilibrium ionization fractions, for applications as described in x 1. The equilibrium mean charge is simply the mean charge as weighted by the equilibrium ionization fractions. Naturally, the mean charge has much less information content, but it does provide a useful summary of how kappa distributions affect the ionization fractions, and indeed some observational work directly reports the mean charge.
The rate of change of n q , the number density of ions of charge q, is given by
for q ¼ 0; . . . ; Z, where S q and q are temperature-and -dependent rate coefficients (in cm 3 s À1 ) of ionization from charge q to q þ 1 and recombination from q to q À 1, respectively. In equilibrium, we have dn q =dt ¼ 0 and
Therefore, the equilibrium ionization fractions (n q =n tot , where n tot is the total density of all charge states) can be immediately determined from the ionization and recombination rate coefficients. Now comes the complicated part: calculating rate coefficients for the case of kappa distributions. We find it convenient to consider values that are integers, in which case most of the integrals can be performed analytically; for noninteger values, those integrals would instead be evaluated numerically. First, consider the case of ionization rate coefficients (starting at the point indicated by '' I '' in Fig. 1 ). Cross section formulae for direct ionization and excitation-autoionization are available in the literature for all charge states of various elements (Arnaud & Rothenflug 1985; Arnaud & Raymond 1992; Sampson & Golden 1981) . From these, we can derive ionization rate coefficients by integrating over the electron velocity distribution function:
The cross section formulae and corresponding rate coefficient expressions are shown in xx 2.1 and 2.2. For recombination processes, the procedure has one extra step. The most recent results in the literature have not presented cross section formulae, but rather recombination rate coefficients under the assumption of a Maxwellian distribution for the electron velocity. Therefore, for recombination processes we start at point '' R '' in Figure 1 : we first need to convert the rate coefficients provided in the literature (for the Maxwell distribution) to cross sections as a function of collision velocity (i.e., the electron velocity, since we are considering the case of slow ions). For dielectronic recombination, we use the rate coefficients (for Maxwell distributions) provided by Mazzotta et al. (1998) . Note, however, that in some references, rate coefficients are expressed in a form that is apparently not related to a cross section formula. Thus, we cannot make use of the ionization rate coefficients of Voronov (1997) . Similarly, we do not use the radiative recombination rate coefficients presented by Arnaud & Raymond (1992) or Verner & Ferland (1996) (which were in turn used by Mazzotta et al. 1998 ); instead, we use those of Shull & Van Steenberg (1982a) . Nevertheless, our ionization fractions in the limit of a Maxwellian distribution are very similar to those of Arnaud & Raymond (1992) and Mazzotta et al. (1998) (see x 3.2).
After deriving the recombination cross sections, we can integrate over a kappa distribution for the electron velocity to obtain the desired rate coefficients:
The cross section and rate coefficient formulae for recombination processes are shown in xx 2.3 and 2.4. Throughout this section, quantities of energy are to be expressed in eV, and constants taken from the literature refer to the numerical values (without units) unless otherwise indicated. Finally, some specialized numerical techniques are described in x 2.5.
Direct Ionization
Direct ionization (DI) is a process that can take place after the collision between a free electron and ion, in which an electron in the ion is directly excited to become another free electron. For direct ionization, the following cross section formula was introduced by Younger (1981) . This form has been widely used, e.g., by Arnaud & Rothenflug (1985) , Arnaud & Raymond (1992), and Mazzotta et al. (1998) :
where for a level j, u ¼ E=I j , E is the energy of the incident electron, and I j is the ionization potential. In this and all other ionization cross sections, we take the contribution of a level j to be zero for u < 1, i.e., below threshold. Here the constants A j , B j , C j , and D j for most ions are taken from Arnaud & Rothenflug (1985) . Only for Fe ions are the constants taken from Arnaud & Raymond (1992) . For a kappa distribution we obtain the rate coefficient
where y ¼ I j =½k B Tð À 3=2Þ. The last term cannot be calculated analytically; therefore, numerical integration is necessary.
Excitation-Autoionization
Excitation-autoionization (EA) takes place by a process similar to the direct ionization process. However, in this case an electron in an inner shell is excited. With its high binding energy, the excitation energy may be insufficient to ionize the inner shell electron, which just releases the excitation energy and comes back to the ground state. Then a different, outer shell electron can receive that energy and become another free electron. Following the advice of various articles in the literature, an excitation-autoionization cross section ( EA ) is used for certain ions. In particular, there are suggested forms for selected multielectron Fe ions, for the ions Ca +0 and Ca +1 , and for (non-Fe) ions of various sequences; in all other cases, EA is neglected in comparison with DI . A sequence is defined by the number of remaining electrons, e.g., the lithium sequence refers to ions with three remaining electrons, so ions in the same sequence have a similar ground state electronic configuration.
Selected Fe Ions
For selected multielectron Fe ions, the EA cross sections are calculated by the following formula (Arnaud & Raymond 1992) :
where u ¼ E=I EA , E is the incident electron energy, I EA is the EA threshold energy, and A, B, C, D, and F are constants taken from a table of Arnaud & Raymond (1992) . Note that these authors use nonzero constants only for Fe þ2 to Fe þ15 and for Fe þ23 . For kappa distributions, the rate coefficient is
where 
for y defined as in equation (10).
Li Sequence
In the case of the lithium sequence (i.e., ions with three electrons, N þ4 , O þ5 , Ne þ7 , etc.) the cross section formula for excitation-autoionization is (Sampson & Golden 1981) EA ðuÞ ¼ 2a 2 
where Z is the nuclear charge. Note that u À 2 , the argument of the step function, H, is the difference between the impact electron energy and the threshold energy for the transition. For a kappa distribution, the rate coefficient is We use the EA cross section from Arnaud & Rothenflug (1985) when considering ions of the sodium sequence with atomic number Z 16: 
where
2.2.5. Na Sequence ð18 Z 28Þ
For ions of the sodium sequence, in the range 18 Z 28, we use the EA cross section of Arnaud & Rothenflug (1985) :
where u ¼ E=I EA , I EA ¼ 11ðZ À 10Þ 1:5 eV, and a ¼ 1:3 Â 10 À14 ðZ À 10Þ À3:73 . For kappa distributions, the rate coefficient is
Mg to Ar Sequences
For sequences from magnesium to argon, the EA cross section of Arnaud & Rothenflug (1985) can be calculated as follows: 
The rate coefficient for the case of a kappa distribution is
Radiative Recombination
Radiative recombination (RR) is the process whereby a free electron is bound to the ion after the collision. The electron emits its excess energy in the form of electromagnetic radiation.
For all elements, the radiative recombination cross section is related to the rate coefficient (for a Maxwellian distribution) from Shull & Van Steenberg (1982a) . Those authors specify the rate coefficient formula:
where the coefficients A rad and are presented in Table 2 of that paper. We have corrected their tabulated values according to their published errata (Shull & Van Steenberg 1982b) , and an apparent misprint in the value of A rad for recombination from Ca þ11 to Ca þ10 as pointed out by Arnaud & Rothenflug (1985) . The corresponding cross section has the form of a power law (Luhn & Hovestadt 1987) :
For a kappa distribution, the rate coefficient is
Dielectronic Recombination
Dielectronic recombination (DR) is more complicated than the previous process. After the collision, the initially free electron becomes bound and releases its energy, which is taken up by the excitation of another, bound electron. Thus, this is a resonant process, taking place for specific values of the incoming electron energy. The excited electron comes back to the ground state by emitting energy through electromagnetic radiation. Finally, the ion has gained one electron. According to Mazzotta et al. (1998) , the same dielectronic recombination rate coefficient formula can be used for all elements. For a Maxwellian distribution, that formula is
Each term in the sum corresponds to a different dielectronic transition. The coefficients c j and E j for each ion are tabulated by Mazzotta et al. (1998) . This rate coefficient corresponds to a cross section that is a sum of delta functions (Luhn & Hovestadt 1987) :
For a kappa distribution, the corresponding rate coefficient is
Numerical Techniques
In the calculation procedure, numerical methods are used to integrate certain terms in the rate coefficients. A newly developed robust integration method is used to deal with the difficulty of integrating over an infinite domain (which, for example, causes problems in some commercial software packages). Fortunately, all integrands considered here exhibit a rise to a maximum value followed by a monotonic decline. The first step of our integration technique is to find a suitable upper limit of integration over the independent variable, say u. We use the bisection method to determine a sequence of increasing u-grid points, where the integrand reaches its maximum, half-maximum, quarter-maximum, etc. We integrate separately from the lower limit to the first u-grid point, from the first to the second, etc., using the two-interval Simpson's rule. The process was terminated when integrating to a further u-grid point changed the total integration result by less than a fractional tolerance of 10 À4 . Finally, we improved the accuracy by increasing the number of intervals used for Simpson's rule (between u-grid points) in steps of 2 until the fractional change was less than 10 À11 . This method was found to be efficient and sufficiently robust to accommodate the very wide range of and T values considered in this work.
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RESULTS AND DISCUSSION
After determining the rate coefficients, we solved the equations for ionization equilibrium (eq.
[3]) to obtain the ionization fractions and mean charges for various elements. We present them as a function of temperature and the value, including the limiting case of a Maxwellian distribution, in Table 1 . The ionization fractions for N, O, Ne, Mg, Si, S, Ar, Ca, Fe, and Ni are tabulated for values of 3, 5, and 10 and a Maxwellian distribution. The temperature range is from 10 4 to 10 8 (for N to Ca) or to 10 9 K (for Fe and Ni). The ionization fraction of charge state q is presented in terms of À logðn q =n tot Þ, where n tot is the total density of all charge states of that element. The value 9.999 indicates that n q < 10 À5 n tot for this ion. As examples, Tables 2A,  2B , 3A, and 3B are shown for Fe ions in the cases of Maxwellian and ¼ 5 distributions for the electron velocity. In these tables, the symbols '' *** '' indicate that À logðn q =n tot Þ is greater than 5, i.e., n q < 10 À5 n tot . Notes.-For charge state q, the ionization fraction is tabulated as À logðn q =n tot Þ, where n tot is the total density of all charge states of that element. The value 9.999 indicates that n q < 10 À5 n tot . The full version of this table contains columns for charge states up to +28, to accommodate elements up to Ni. Table 1 is available in its entirety in the electronic edition of the Astrophysical Journal Supplement. A portion is shown here for guidance regarding its form and content.
a The letter '' M '' indicates a Maxwellian distribution. In addition to ionization fractions, we have obtained the equilibrium mean charge for each element, hQi. This is a convenient quantity for summarizing direct measurements of ion populations, e.g., the solar wind (e.g., Gloeckler et al. 1999) or solar energetic particles (e.g., Möbius et al. 1999) . For the latter, hQi has frequently been interpreted as a proxy of the source plasma temperature. Here we view the mean charge as a convenient statistic for summarizing the effects of a suprathermal, power-law tail of the electron velocity distribution (as parameterized by the value) on the ionization balance of each element (Fig. 2) . Such effects are described in x 3.1.
One way in which we have checked our formulae and calculations for kappa distributions is by calculating ionization fractions for large (here, ¼ 1000), which should be similar to those for a Maxwellian distribution. This was verified to be the case for each element and each temperature, as shown in Figure 2 . We have also confirmed that for cases where previous results are available, our calculations are similar to those of other authors, as seen in x 3.2. The magnitude of the differences between various calculations (Figs. 3 and 4) provides a measure of their uncertainty.
Effects of a Kappa Distribution on Ionization Fractions and Mean Equilibrium Charges
For a Maxwellian distribution of electrons, the mean charge as a function of temperature is characterized by plateaux corresponding to closed-shell charge states, with transitions over narrow ranges of log T. However, for kappa distributions, the low-temperature ionization fractions are greatly shifted to higher charge, so much so that some plateaux are washed out, while at high temperatures the transitions between plateaux are substantially broader in log T (see Fig. 2 ).
To understand the physical basis of these effects, we note that the effect of a kappa distribution (or since ! 1 implies a Maxwellian, we may speak of the effect of a lower value) on ionization or dielectronic recombination (DR) rates depends on the threshold or resonance energy compared with k B T (Owocki & Scudder 1983) , while the fractional effect on radiative recombination (RR) rates is temperature-independent for the power-law cross sections employed here (as there is no characteristic energy scale for a power law). For a given ionization or DR transition, at low temperatures reducing can greatly enhance the rate relative to that for a Maxwellian, because of the greatly enhanced suprathermal tail above threshold. As we noted in x 1, a lower value also gives an enhanced electron distribution at low speeds, and a depressed distribution at medium speeds. Thus, for k B T roughly on the order of the threshold or resonance energy the rate is slightly reduced, and at high temperatures the rate is again enhanced because there are more electrons at low v (though these represent much weaker fractional changes than that at low temperature). The matter is further complicated by the two recombination processes: for most of the effects described in this section, RR dominates over DR, so the strong enhancement of high-threshold processes mainly favors ionization, and a lower usually increases the mean charge. However, above 10 6 K, and at the high-temperature end of a transition between plateaux, DR can have particularly high resonance energies, and the enhanced suprathermal electron tail for lower can increase the overall recombination rate and lead to a decrease in the mean charge.
Returning to a description of the results, in general the equilibrium ionization fractions and mean charge change rapidly with temperature when the thermal energy is close to the threshold ionization energy of an atomic shell. Thus, the effect of a kappa distribution is particularly important at temperatures where the ion can lose electrons easily, i.e., not at a closed shell. Due to shell effects, for various elements and T values we observe more than one local maximum in the ionization fraction versus q.
At low temperatures, a lower value of (i.e., a more enhanced suprathermal tail in the electron distribution, with a harder power law) leads to a dominant ionization fraction at higher q, and a higher mean charge, hQi. While the thermal energy, k B T, is less than the ionization threshold energy, the ionization processes take place more frequently due to the enhanced numbers of high-energy electrons.
Similarly, when the temperature is below the ionization threshold for a deeper shell, at the beginning of a transition from one closed shell plateau to another, a lower value again increases the mean charge. These effects of increasing mean charge have been pointed out in previous studies.
However, sometimes a lower value can lead to a lower hQi (see Fig. 2 ), for T > 10 6 K and at the high-temperature end of a transition between plateaux. This effect has not been discussed previously (to our knowledge), but it can also be seen from the graphs of Ko et al. (1996) . In addition, we have confirmed that this effect is present in results for Fe by Dzifčáková (1992) , when the mean charge is computed from her tabulated ionization fractions.
Why does a lower reduce the mean charge only in temperature ranges where hQi is approaching a closed-shell plateau? A physical explanation is that for ionization to a closed shell, say, the K shell, there is a competition between ionization of the last L-shell electron, with a relatively low threshold, and recombination to capture an electron into the L shell. Dielectronic recombination (DR) requires a particularly high energy, because it involves excitation of a K-shell electron. Referring to the discussion earlier in this section, we are in the '' low-temperature '' régime, where k B T is less than the threshold/resonance energies in question. Indeed, that is what defines the temperature range of the transition between plateaux: the temperature is not yet high enough to completely strip the higher shell electrons, let alone the deeper shell electrons. Therefore, for lower and a stronger high-energy tail, the DR (and overall recombination) rate increases and hQi is reduced.
Considering hQi as a function of temperature, the approach to a new closed-shell plateau is more gradual for lower . On the other hand, at the start of a transition from one plateau to another, a lower increases hQi because of enhanced ionization; therefore, the overall effect is that a lower value leads to broader transitions from one closed-shell plateau to another, as can be seen in Figures 2-4 . In sum, taking into account a kappa distribution of electrons, which is apparently the norm rather than the exception in astrophysical plasmas, can substantially change the interpretation of ionization state measurements. For example, a measurement of the mean charge is often used to infer the plasma temperature, and that inference is greatly affected by the value of , as shown in Figures 2-4 . The value also strongly affects the interpretation of measurements of dominant ionization states or ionization ratios (effects on the latter were described in detail by Owocki & Scudder 1983 ).
Comparison with Other Calculations
In this section, we discuss how our results compare with those of other authors. To our knowledge, results of ionization fractions for kappa distributions for multiple elements (besides Fe) have not been previously presented; however, we can compare our results with previous calculations of ionization fractions for Maxwellian distributions (Mazzotta et al. 1998) , ionization fractions for kappa distributions in the case of Fe (Dzifčáková 1992) , and mean charges for kappa distributions for C, N, O, Ne, Mg, Si, and S (Luhn & Hovestadt 1985) and for C, O, Mg, Si, and Fe (Ko et al. 1996) .
Some of these results are compared graphically in Figures 3 and 4 , for the restricted temperature range of 10 5 to 10 8 K. (Note that the Fe results of Arnaud & Raymond 1992 would be indistinguishable from those of Mazzotta et al. 1998 ; thus, they are not shown in Fig. 4a.) We find qualitative agreement in all cases. Quantitative differences are ascribed to different cross section assumptions; thus, the comparison with other work gives an indication of the uncertainty in any given calculation. In general, the discrepancies between different calculations are greater for heavier elements.
We have compared our results for the case of Maxwellian distribution with those of Mazzotta et al. (1998) . Indeed, we should expect good agreement because we have used similar ionization and recombination cross sections, with some exceptions as noted in x 2. For N through S ions, our hQi values never differ from those derived from ionization fractions of Mazzotta et al. (1998) by more than 0.2. Differences greater than 0.1 only appear at a few temperature ranges where hQi is rapidly varying with temperature. For heavier ions the differences are greater, especially where hQi rapidly varies with temperature, but are never greater than half of a charge unit.
Ionization fractions for Fe have been calculated by Dzifčáková (1992) , assuming both Maxwellian and kappa distributions for the electron velocity. We find major differences between those results and ours, even for a Maxwellian distribution. For example, when we evaluate the mean charge based on the ionization fractions presented by Dzifčáková (1992) , we find that it differs from ours by %1 for multiple temperature ranges, even in ranges where our results are very similar to those of Mazzotta (1998) . We attribute this to the use of different ionization and recombination cross sections; for example, Dzifčáková (1992) used ionization cross sections from Arnaud & Rothenflug (1985) , whereas Mazzotta et al. (1998) and our work have used ionization cross sections from Arnaud & Raymond (1992) . Indeed, later work by Dzifčáková (1998) for the case of a Maxwellian distribution implies mean charges much closer to those of Mazzotta et al. (1998) and our work (the difference is frequently not visible in Fig. 4a ). However, at temperatures above 10 7 K, the ionization fractions of Dzifčáková (1992 Dzifčáková ( , 1998 imply that the mean charge oscillates with temperature, which was not found by Mazzotta et al. (1998) or our own work.
Regarding the effects of a kappa distribution, we have compared our mean charges with those obtained from ionization fractions presented by Dzifčáková (1992) for Fe and from figures presented by Luhn & Hovestadt (1985) and Ko et al. (1996) for various elements (Figs. 3 and 4) . The effects described in x 3.1 are qualitatively confirmed in each case. There are some quantitative differences, presumably related to the choice of cross sections. In the case of heavier elements, Si and Fe, in transition regions our results show less variation with the value than those of Ko et al. (1996) .
CONCLUSIONS
The ionization fractions for various elements (N, O, Ne, Mg, Si, S, Ar, Ca, Fe, and Ni) are calculated with consideration of electron distributions similar to those observed in actual space plasmas, which have pronounced suprathermal, power-law tails, here modeled by the kappa distribution. A subset of our results can be compared with previous results by other authors, with minor differences attributed to the use of different cross section formulae. In particular, we have confirmed that our calculation results in the limit of a Maxwellian distribution are very similar to the previous results of Mazzotta et al. (1998) . We found that the effect of the enhanced high-energy tail, as parameterized by the value, depends sensitively on the plasma temperature. The most dramatic effect is that at low temperature, a lower value shifts the ionization balance toward a higher charge. Otherwise, the value mainly affects ionization fractions when the thermal energy is close to the ionization threshold for valence electrons, and the mean charge as a function of temperature undergoes a transition from one closed shell plateau to another. We point out that at the upper end of such a transition range, a lower (and stronger high-energy tail) actually decreases the mean charge, which in retrospect can also be seen in the previous results of Ko et al. (1996) and in mean charges calculated from the tabulated ionization fractions of Dzifčáková (1992) . This results from the dependence of ionization and recombination rates; we found that strongly affects the temperature dependence of ionization or dielectronic recombination rates for which the corresponding cross sections have sharp energy thresholds or resonance conditions, respectively. The overall effect is that a lower leads to broader transitions in mean charge as a function of temperature, from one closed shell to another.
Therefore, in many types of astrophysical situations, it is impossible to avoid the effect of an enhanced number of highenergy electrons on the ionization balance of various elements. This in turn affects the interpretation of a wide variety of astrophysical observations, where observed ionization fractions or the presence of a given ion serves as a diagnostic of the plasma temperature. The tables presented here and at our Web site 2 may be useful in the interpretation of such observations. 
